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Stem cell potential: Can anything make anything?
Sean J. Morrison
Recent results suggest that stem cells from one tissue
can give rise to cells from developmentally unrelated
tissues. These results strongly support the idea that
certain progenitors retain much broader developmental
potentials than expected, and other progenitors may be
able to acquire broader potentials in culture.
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It seems like everyone wants to be the first to show that
an arm can give rise to a leg, and a nose to an ear. Stem
cell potential has become a free-for-all in which the old
rules that were understood to govern germ layers and
lineage relationships in embryonic development are now
being questioned. First, transplanted mixed populations
of bone marrow progenitors were observed to give rise to
unexpected derivatives, such as muscle and liver (see
Table 1 for a summary). Then, progenitors cultured from
the central nervous system (CNS) were observed to give
rise to many non-neural tissues. And now, oligodendrocyte
precursors, previously thought to be committed to the glial
lineage, have been found to make neurons under certain
culture conditions [1], and purified hematopoietic stem
cells have been found to give rise to hepatocytes upon
transplantation [2]. 
These new studies [1,2] are significant, because they have
shown that prospectively identified, purified and well-
characterized progenitor populations can differentiate into
unexpected derivatives. Have we recently evolved to
abandon classical lineage relationships? Or can stem cells
retain potentials that they never exhibit during normal
development? Or have we identified an intriguing
phenomenon in which the developmental potential of
cells can be reprogrammed under specific conditions in
culture or after transplantation, without reflecting lineage
relationships that exist in normal development?
A ‘de-differentiation’ phenomenon was previously docu-
mented [3,4] by showing that primordial germ cells
become totipotent when they are cultured in the growth
factors bFGF and LIF. During normal development, pri-
mordial germ cells give rise only to germ cells, and when
they are transplanted into blastocysts they do not detectably
contribute to any somatic tissue; but Donovan and col-
leagues found that, when they are first cultured in bFGF
and LIF containing medium, primordial germ cells can
give rise to all somatic tissues as well as the germline after
transplantation into blastocysts [3,4]. 
The simplest interpretation of this result is that primordial
germ cells can be reprogrammed in culture to exhibit a
much broader developmental potential. As the gametes
produced by primordial germ cells contribute to all tissues
after fertilization, it was proposed that this broadening of
developmental potential might represent a normal event
in gametogenesis. A number of other groups, however,
have recently discovered that the developmental poten-
tials of other types of somatic cell can be broader than
expected under a variety of conditions. This suggests that
the ability of progenitor cells to exhibit an unexpectedly
broad developmental potential in certain circumstances
may be a general phenomenon.
Bone marrow progenitors, which are best known for
making blood cells, have recently been observed to
contribute to a variety of tissues upon transplantation.
Cells from mouse bone marrow have been observed to
give rise to skeletal muscle [5,6], hepatocytes [2,7], and
neurons and glia [8]. The bone marrow is known to
contain at least two different types of stem cell, including
hematopoietic stem cells and mesenchymal stem cells. It
is also conceivable that stem cells from other tissues, such
as liver, nervous system and muscle, may circulate at low
levels and be found in the bone marrow. So which stem
cells gave rise to the unexpected derivatives? 
The cells that gave rise to neurons and glia were derived
from cultures of adherent bone marrow stroma, suggesting
that they included mesenchymal stem cells [8]. The cells
that gave rise to skeletal muscle [6] were isolated based on
Hoechst dye exclusion, and so were enriched for
hematopoietic stem cells; many different types of stem
cell may exclude Hoechst, however, so this population
may have contained other types of stem cell as well.
Hematopoietic stem cells have now [2] been purified,
using thirteen cell-surface markers, and shown to effi-
ciently give rise to hepatocytes. Moreover, in this study
hematopoietic stem cells were the only bone marrow cells
that gave rise to detectable hepatocytes. This conclusively
demonstrates that hematopoietic stem cells have at least
one unexpected developmental potential, and supports
the possibility that they may be able to give rise to other
unexpected derivatives as well.
In a reciprocal experiment, progenitors cultured from
muscle were observed to give rise to blood cells upon
transplantation into irradiated mice [6,9]. One possibility is
that some sort of cultured muscle progenitor has hematopoi-
etic potential. Alternatively, the small number of blood cells
that contaminated the transplanted cells could have
included some hematopoietic stem cells. Thus, additional
work will be necessary to identify and characterize the
muscle-derived progenitors with hematopoietic potential. 
Another series of experiments has demonstrated that stem
cells cultured from the mouse or human CNS have the
potential to give rise to non-neural derivatives. CNS stem
cells are often isolated by culturing ‘neurospheres’, which
are spheres of multipotent progenitors that grow out of
mixed populations of CNS cells in bFGF-containing
media. Such neurospheres are thought of as CNS stem
cells, but because the neurosphere cells have only been
studied in culture, it is not certain whether they have prop-
erties that are similar to normal CNS stem cells in vivo.
Neurosphere cells have been observed to give rise to blood
cells upon transplantation into irradiated mice [10], skele-
tal muscle upon co-culture with a myogenic cell line or
upon transplantation into regenerating muscle in vivo [11],
or to derivatives of all three germ layers upon injection
into blastocysts or early chick embryos [12]. 
All of these papers [10–12] concluded that CNS stem
cells retain a much broader developmental potential than
previously thought. There is, however, concern that CNS
progenitors can lose patterning information and acquire a
broader developmental potential as a result of being cul-
tured in high concentrations of mitogens such as bFGF
[13]. Given the earlier work on primordial germ cells [3,4],
this is a serious concern. As a result, it is not known whether
neurosphere cells correspond to normal CNS stem cells, or
whether their developmental potential has been broad-
ened in culture. When it becomes possible to prospec-
tively identify and purify uncultured CNS stem cells, it
will be important to test whether these cells still give rise
to blood, muscle and other somatic lineages upon trans-
plantation, or whether they must be cultured first in order
to exhibit these potentials. For example, uncultured CNS
stem cells could be either injected into irradiated mice, or
cultured for variable periods of time first and then injected
into irradiated mice to test whether time in culture affects
their ability to give rise to blood cells.
Oligodendrocyte precursor cells (OPCs) are progenitors
from the optic nerve that have been extensively studied
and thought to be committed to form glia. The recent
demonstration [1] that OPCs can make neurons after
being exposed in culture to a specific series of growth
factors, including bFGF, is consistent with the idea that
neural progenitors can acquire neuronal potential in
culture. Indeed, the OPCs not only gave rise to neurons,
but to neurospheres as well. This bolsters the concern
that neurospheres can sometimes be produced in culture
from cells that have properties that are different from
multipotent CNS stem cells in vivo. The demonstration
that OPCs can give rise to neurons is important, because
OPCs can be purified from uncultured postnatal optic
nerve by immunopanning. Thus, this is the first demon-
stration that a well-characterized, prospectively identified
nervous system progenitor can acquire a broader develop-
mental potential than previously thought in culture. This
supports the idea that specific progenitors can exhibit
unexpected developmental plasticity in culture, but cau-
tions us that such plasticity may not be exhibited during
normal development.
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Table 1
Progenitors that have been found to exhibit unexpected developmental potentials.
Unexpected Progenitors Progenitors Occurs during 
Progenitor cells derivative purified?* cultured?† normal development Reference
Oligodendrocyte precursors Neurons Yes Yes ? [1]
Hematopoietic stem cells Hepatocytes Yes No ? [2]
Primordial germ cells All tissue types Uncertain Yes ? [3,4]
Bone marrow Muscle No No ? [5]
Hoechst-excluding bone marrow Muscle Enriched No ? [6]
Bone marrow Hepatocytes No No ? [7]
Bone marrow stroma Neurons and glia No Yes ? [8]
Hoechst-excluding muscle Blood cells Enriched Yes ? [6,9]
Neurospheres Blood cells Yes Yes ? [10]
Neurospheres Muscle Yes Yes ? [11]
Neurospheres Many somatic lineages Yes Yes ? [12]
*This refers to the degree to which the tested progenitors were
purified. In some cases, uncultured bone marrow was transplanted
without identifying the progenitors that gave rise to the unexpected
derivatives. In other cases, neurospheres were cultured to isolate
multipotent progenitors. These were considered purified, though the
relationship of neurospheres to normal CNS stem cells in vivo is
uncertain.  In cases where progenitor populations were isolated based
on Hoechst exclusion [5,8], these progenitors may have been purified,
but it is also possible that a heterogeneous collection of different types
of stem cell were included within the ‘hoechst side-population’ gates.
†This refers to whether the progenitors were cultured before or during
the assay of developmental potential.
In order to understand this phenomenon by which cells
from one tissue can give rise to developmentally unrelated
tissues it will be important to study further the identity of
the progenitors involved, as well as the circumstances under
which the phenomenon occurs. First, the progenitors that
give rise to the unexpected derivatives must be purified
and identified either as a particular normal stem cell popu-
lation or as a novel progenitor type. Second, it must be
determined whether freshly purified cells have the unex-
pected potential in their native state in vivo, or whether
such cells only acquire that potential after being cultured.
Third, if the uncultured stem cells exhibit the unexpected
potential, do they give rise to the unexpected derivatives
during normal development or is their unexpected poten-
tial never expressed during normal development? It seems
likely that some of the potentials described above will be
exhibited only after the progenitors have been cultured,
while other surprising potentials may exist among normal
uncultured stem cells. 
With so many cells exhibiting unexpected developmental
potentials, some researchers have begun to question the
classical germ layer origins of some tissues. Is it possible
that CNS stem cells give rise to blood, muscle and liver
during normal development? This question is testable by
fate mapping using Cre recombinase, which can identify
all of the progeny produced by a specific lineage of prog-
enitors during normal development, as long as a promoter
can be identified that is absolutely specific to that progen-
itor lineage and can be used to direct expression of the cre
gene. Several studies have used this approach to examine
the progeny produced by cells that express wnt-1, which
include neural stem cells in the midbrain, dorsal neural
tube and neural crest. Cells expressing wnt-1 were observed
to give rise to many expected cells of the CNS and periph-
eral nervous system, as well as other neural crest deriva-
tives, but they have not yet been observed to give rise to
blood, skeletal muscle, liver, kidney, lung or other unex-
pected derivatives ([14,15] and S.J.M. and D.J. Anderson,
unpublished data). 
This is not a perfect experiment, in that not all neural stem
cells are marked by wnt-1 expression, and it is possible that
the CNS stem cells with unusually broad developmental
potentials derive from lineages that never expressed wnt-1.
Nonetheless, the failure to observe any unusual deriva-
tives from a wide cross-section of neural progenitors in vivo
during normal development contrasts with the spate of
papers reporting the broad potentials of a variety of cul-
tured CNS stem cells after transplantation. This suggests
that the potentials exhibited by cultured CNS stem cells
may not be potentials that are exercised during normal
development. The question of what cell types are pro-
duced by particular progenitors during normal develop-
ment is distinct from that of what potentials a progenitor
can exhibit in culture or after transplantation.
Even if most of the surprising stem cell potentials arise as
a result of ‘de-differentiation’ in culture, and do not reflect
potentials that are normally exercised in vivo, it will still
be scientifically and clinically important to understand the
phenomenon. On the other hand, if normal somatic stem
cells routinely retain much broader developmental poten-
tials than they exhibit during normal development, this
would pose the question as to whether differentiation
is primarily environmentally regulated. That is, are the
normal lineage relationships that exist between progeni-
tors in different germ layers governed primarily by con-
trolling the locations and interactions of such progenitors?
Perhaps the only reason why neural stem cells do not
seem to make liver or blood during normal development
is that they are prevented from accessing hepatic or
hematopoietic microenvironments. However these ques-
tions are resolved, we will need to redefine what we mean
by developmental potential. 
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